Previous research has indicated that individuals with Down syndrome (DS) have difficulties processing auditory movement information relative to their peers with undifferentiated developmental disabilities. The present study was conducted to assess whether a model of atypical cerebral specialization could explain these findings. Thirteen adults with Down syndrome (8 men, 5 women), 14 adults with undifferentiated developmental disabilities (7 men, 7 women), and 14 adults without disabilities (8 men, 6 women) performed rapid aiming movements to targets under three conditions: a visual cue at the target location, a visual cue remote from the target location, or a verbal cue. Results revealed that, while the reaction times did not differ between the two groups with disabilities across conditions, the participants with DS, unlike their peers, had significantly longer movement times in the verbal than in two visual conditions. These results are consistent with the model of biological dissociation.
Numerous researchers have reported that individuals with Down syndrome (DS) initiate and complete movements more slowly and with greater variability than their peers without disabilities of a similar chronological age (see Johnson & Olley, 1971 for a review). In order to determine whether these delays in movement initiation are the result of the developmental delays associated with DS or whether these individuals are functionally different from the general population, researchers typically use a control group of individuals with undifferentiated developmental delays (UnDD) of a similar chronological and mental age.
1 Although Anwar (1981) suggested that individuals with DS are slower than their peers with UnDD, a review of the more recent literature reveals that the results are equivocal. While a number of studies show that individuals with DS have longer reaction times (RT) than their peers with UnDD (Berkson, 1960; Davis, Sparrow, & Ward, 1991; Henderson, Illingworth, & Allen, 1991; Hermelin, 1964; Hermelin & Venables, 1964) , just as many studies indicate that there are no differences between the two groups (Inui, Yamanishi, & Tada, 1995; Knight, Atkinson, & Hyman, 1967; Mack & MacKay, 1989; MacKay & Bankhead, 1983; Miezejeski, 1974) . Interestingly, of the work reviewed, no research has shown that groups with DS are faster than groups without DS.
In a more recent review of the information processing literature, an interesting pattern emerged. Welsh and Elliott (2000) reported that differences were only found between the participants with DS and UnDD when the stimulus that the participants reacted to was auditory, while no differences existed when the participants reacted to visual stimuli (cf. Henderson et al., 1991) . This finding is typified by two specific studies. First, Hermelin (1964) examined performance of a simple reaction time task under a variety of different precue and stimulus conditions. Specifically, participants were required to lift their finger to either a light or a tone after being given a visual or auditory warning. Hermelin (1964) found that, while the participants with UnDD had shorter RTs when responding to the sound than the light, the individuals with DS, regardless of the modality of the precue, had longer RTs when reacting to the auditory stimulus than the visual stimulus. Moreover, there were no differences between the two groups in reaction time when they were reacting to light.
Some years later, Davis et al. (1991) replicated this work by comparing the abilities of individuals with DS to their peers with and without UnDD to react to a light, a sound, or a combined light-sound condition. More importantly, they attempted to answer the question of why differences may exist by partitioning reaction time into premotor and motor time, which, following the work of Botwinick and Thompson (1966) and Weiss (1965) , has been assumed to provide an indication of perceptual-cognitive processing time versus peripheral time, respectively. Although Davis et al. (1991) found that the young adults with DS had longer total reaction times in all conditions, the pattern of results was very similar to those found by Hermelin (1964) . Specifically, while both groups of individuals without DS had shorter reaction times to the sound than to the light, the individuals with DS were only slightly and nonsignificantly faster in reacting to sound than to the light. Further, and more importantly, although premotor times (central processing time) were statistically identical for the light condition for the two groups with developmental disabilities, persons with DS had significantly longer premotor times in the sound only condition. This finding, in line with Hermelin (1964) , indicates that individuals with DS have relative difficulties in processing auditory information used in the production of movement.
Although evidence suggests that there is a difference between those with DS and their peers with and without UnDD to efficiently process auditory information for the programming of movements, the question still remains as to why this difference exists. The relative inability of individuals with DS to respond quickly to auditory stimuli may be explained by a variation of a model of atypical cerebral specialization proposed by Elliott and colleagues (see Chua, Weeks, & Elliott, 1996 for a review). The main tenet of this model is that the areas responsible for speech perception are atypically specialized to the right hemisphere in persons with DS, while the left hemisphere is involved in the organization and control of goal-directed movement. The model posits that persons with DS will have specific difficulty performing tasks that require both speech perception and movement organization relative to their peers without DS. This difficulty is predicted to result because these tasks are subserved by different cerebral hemispheres. Thus, because interhemispheric communication is required, persons with DS will exhibit longer information processing times and/or increased movement errors due to the degradation of information during neural transmission.
Although, to date, this model has only been used to explain verbal-motor difficulties in individuals with DS (for example, Elliott, Weeks, & Gray, 1990) , some electrophysiological evidence suggests that people with DS are atypically lateralized for simple auditory sounds as well (Miezejeski, Heaney, Belser, & Sersen, 1994; Weeks et al., 1997) . Thus, the atypical lateralization in people with DS may extend to sounds in general. Specifically, because both hemispheres must be involved in the planning and execution of movement based on auditory information (i.e., the right hemisphere for the processing of auditory information and the left hemisphere for the organization of limb movements), the observed delays may be due to the slowing and/or loss of information due to interhemispheric communication.
The purpose of this study was to reexamine the findings that individuals with DS have modality specific information-processing deficiencies (Davis et al., 1991; Hermelin, 1964) . These earlier studies only used single auditory tones as the reaction time stimulus. In the present study, participants were required to complete a choice reaction time task where they were cued to the target either visually or verbally (i.e., the spoken color word of the target). According to the model of biological dissociation, this relative deficiency, as in the earlier simple reaction time studies, should also be most prominent when participants are required to react to an imperative stimulus that is verbal. Thus, the present study examined whether the modality specific choice reaction time deficiency occurs when participants are required to react to a movement imperative that is verbal. Although RT served as our primary measure of stimulus decoding and response preparation time, we also measured the time it took participants to complete the movement. We have previously shown that persons with DS sometimes initiate their movements before their movements have been completely organized (Hodges, Cunningham, Lyons, Kerr, & Elliott, 1995; Kulatunga-Moruzi & Elliott, 1999) . Thus, as well as providing an index of movement execution time, any differences in movement time (MT) between stimulus conditions could also reflect movement planning processes that are completed on-line (see Ricker et al., 1999) Method Participants A purposive cluster sampling design was used to form the three groups in this study (Sherrill & O'Connor, 1999) . One of these groups consisted of 13 adults (8 men, 5 women) with Down syndrome, chronological age (CA) of 29.5 years and mental age (MA) of 7.1 years. The participants in a second group were 14 adults (7 men, 7 women) with UnDD who had a similar CA (29.6 years) and MA (9.0 years). The individuals in these two groups were recruited from the Dundas Learning Centre (a day center for continuing literacy and functional life-skills education) and the Etobicoke Employment Training Services (a sheltered workshop and jobreadiness training center). The nondisabled (ND) group consisted of 14 individuals (8 men, 6 women) from the McMaster University community with a similar CA (27.6 years) to participants in the other groups (Table 1) . For inclusion in the study, each participant was required to meet the following criteria: (a) right-handed (Bryden, 1977) ; (b) normal or corrected-to-normal vision; (c) the ability to distinguish between the colors "blue" and "green" based on verbal presentation of the color word; and (d) an auditory threshold sensitivity of at least 40 dB in both ears at the frequencies of 500 Hz, 750 Hz, 1000 Hz, 2000 Hz, 3000 Hz, and 4000 Hz as determined by pure tune audiometry. Of the 48 individuals who were screened, 7 individuals were excluded from the study because they were found to be lefthanded. Because a specific model of cerebral organization was being tested, persons who were left-hand dominant were excluded due to the variability in their cerebral organization (see Bryden, Bulman-Fleming, & MacDonald, 1996 for a review).
Apparatus
The movement environment included a start position (1.5 cm diameter yellow button) and two target buttons embedded in a rectangular metal box (43 cm long ϫ 30 cm wide ϫ 4 cm high) painted black (see Figure 1) . The targets, one blue and one green plastic button (1.5 cm diameter), were located on both sides of, and in line with, the start position. The distance from the start position to each of the buttons was 16 cm. Finally, located on either side of the start position, 5.5 cm and 7.0 cm from the start position and arranged in a line perpendicular to the line of the targets, were four light emitting diodes (LEDs). Two of these LEDs (one on each side of the start position) were green and the other two were blue. The LEDs were located in this way in order to (a) allow the participant to see at least one set of the LEDs when either the right or the left hand is placed on the start position and (b) prevent the LEDs from providing any additional target information (e.g., directional) other than the color of the target for that trial. The target lights and LEDs were triggered to illuminate by the experimenter using a Lafayette Millisecond Timer (model 50013). The illumination of the target buttons or of the flanking LEDs created the conditions in which the participant was cued directly or indirectly about the target for a trial.
All verbal stimuli consisted of specially created audio wave files of a male voice speaking the color words of the target buttons (i.e., "blue" or "green"). These files were prepared, using Soundscape: SSHDR1 -Version 1:18, such that identical tracks were presented simultaneously (within .25 ms) to both ears. All verbal stimuli were presented, via headphones (Koss Pro/466), from an external computer (Pentium-Compupartner with Sound Blaster AWE64). The signal of the wave file sent from the computer to the headphones was simultaneously sent to a Lafayette Voice Response Time Control (model 6602 A), which then triggered the same Lafayette Timer employed for the visual stimuli. The Lafayette Timer and starting and target buttons were then interfaced with a Lafayette Interval Timer (Model 63520). These devices were interfaced such that one digital timer started simultaneously with stimulus presentation. This timer was stopped when the participant's hand was lifted from the starting position, thus measuring reaction time. The removal of the hand from the starting location also started a second timer that was stopped when either of the two target buttons were depressed, thus measuring movement time.
Procedure
For the individuals with DS and with UnDD, testing involved two sessions of 30-45 min, each session being separated by at least 2 days. On the first day of the study, pure tone audiometry and an assessment of receptive language ability, using the Peabody Picture Vocabulary (Form L), was carried out. At the beginning of the second session, handedness was assessed by examining preferred hand use on three tasks from a standard handedness questionnaire (Bryden, 1977) . Specifically, we identified the preferred hand for the performance of (a) writing their name, (b) eating soup with a spoon, and (c) throwing a ball. While the individuals from the general population reported their hand preference for these tasks, the individuals in the other two groups were required to demonstrate the tasks after the particular implements were placed directly in front of them along the midline of their body. For inclusion in the study, the right hand was required to be the preferred hand for each of these tasks. The final screening procedure was a color recognition task that involved the individual pointing to "blue" and "green" circles randomly placed on a white piece of paper among an equal number of other red and yellow circles. These tests were completed to ensure that participants in the two developmentally delayed groups had similar receptive language abilities and handedness and to ensure that all participants possessed the ability to perform the experimental task. Following these final screening tests, the participant immediately began the experimental phase of the study. For the individuals from the McMaster community, all testing was completed in one session lasting approximately 45 min. The session began with the hearing test (pure tone audiometry), color discrimination test, and adapted handedness questionnaire. Upon the completion of these tasks, this group immediately began the experimental phase of the study.
The experimental phase consisted of six blocks of 24 trials (144 total trials) of a two-choice reaction time task. Trial initiation was self-paced. The sequence of events was as follows: The experimenter would say "Ready?" indicating that the participant could initiate the trial at any time. Participants would then depress the start button. The depression of the start button by the participant was the signal to begin a 1 to 3 s random foreperiod after which one of the two targets was signaled by one of three possible cue types. The participant was required to move to the appropriate target as quickly as possible. The next trial began, again with the same "Ready?" signal from the experimenter.
Participants were signaled to move to one of the targets under two different visual and one auditory condition. The first of the two visual conditions was termed the direct mapping condition. In this condition, the target itself was illuminated. The other visual condition was termed the visual indirect mapping condition because, in this situation, the target itself did not light up, but two of the similarly colored LEDs, which flanked the home position, were illuminated. For example, if the two blue buttons were illuminated, the participant was required to move to the blue target. This condition served as a control for the abstract nature of the verbal signal. The verbal condition consisted of the presentation of the color words of the target in a male voice from the computer to the participant via the earphones.
For each condition, participants completed two blocks of 24 trials; one block consisted of movements with the right hand and the other block of movements with the left hand. At the beginning of each block, the participant was given 4-6 practice trials. Thus, the total number of trials was 168-180. Within each block, the location of the target was randomized with the constraint that they occurred equally often and no more than three times in a row. Hand order, as well as modality of stimulus, was counterbalanced within each group. Participants completed both right and left hand blocks of each condition before starting a new condition.
Finally, as the key theoretical interest of this study was information processing speed, an emphasis was placed on the speed of reaction and movement to the target. Any trial in which the home position or target was not properly depressed or when the participant moved to the wrong location, was considered an error. These trials were repeated at the end of that block (less than 1% of all trials were errors).
Data Analysis
Because of the positive skew associated with reaction time (RT) and movement time (MT) distributions, trials in which the RT or MT was 2 standard deviations beyond the mean value for the participant for that condition were eliminated (less than 5% of the trials were removed). The means for RT and MT data were recalculated and then separately submitted to a three Group (ND, UnDD, and DS) ϫ 2 Hand (Left, Right) ϫ 3 Condition (Direct, Indirect, and Verbal) mixed ANOVA with repeated measures on the last two factors.
2 All post hoc analyses were performed using Tukey's HSD with alpha set at .05. As well,w 2 values (proportion of the variance accounted for) were included for all significant effects.
Results
Although overall group differences were not the focus of the study, it is interesting that the post hoc analysis of the significant main effects for Group in both RT, F(2, 38) = 20.28, p < .0001, w 2 = .425, and MT, F(2, 38) = 26.30, p < .0001, w 2 = .486, revealed that, while the group without disabilities had the shortest RTs and MTs (334 ms and 170 ms, respectively), the individuals with DS (631 ms and 663 ms, respectively) were not reliably different from those with UnDD (559 ms and 637 ms, respectively; see Table 2 ). There was also a main effect for Condition in both RT, F(2, 76) = 50.39, p < .0001, w 2 = .149, and MT, F(2, 76) = 8.18, p < .001, w 2 = .005. For RT, post hoc analysis revealed that the verbal condition facilitated the shortest reaction times, with the direct mapping condition also eliciting shorter RTs than the indirect mapping condition. For MT, the pattern was slightly different. While the participants obtained the target with equal speed in the indirect mapping and verbal conditions, they reached the target sooner when moving in the direct visual mapping condition. Of greater theoretical interest, however, were the significant Group ϫ Condition interactions for RT, F(4, 76) = 4.11, p < .005, w 2 = .019, and MT, F(4, 76) = 6.10, p < .0005, w 2 = .009. Post hoc analysis of the RT interaction revealed that, while the ND group was not different across conditions, the two groups with disabilities had longer RTs in the indirect mapping condition than in the other two conditions (see Figure 2) . Interestingly, the predicted information processing difficulties in the verbal condition for the group with DS did not appear.
Although the modality specific difficulty for the individuals with DS was not found in RT, it was evident in MT. Specifically, the post hoc analysis of the Group ϫ Condition interaction for MT revealed that, while the two groups without DS showed an identical pattern of results for RT, the individuals with DS were slower in the verbal condition than both the direct and indirect conditions, which were not different from each other (see Figure 3) . Furthermore, while the two groups with disabilities were not different from each other in the two visual conditions, the MTs of the participants with DS were significantly longer than the participants with UnDD in the verbal condition.
On a final note, there was no main effect for Hand in RT, F(1, 38) = 1.26, p > .05, or MT, F(1, 38) < 1, nor were there any interactions involving Hand. While hand differences are usually found in tasks involving rapid aiming movements (see for a review), the low accuracy demands and spatial uncertainty (Carson, Chua, Goodman, Byblow, & Elliott, 1995) of the movement task employed in the present study may have washed out differences that are typically observed.
Discussion
The purpose of the present study was to investigate whether the auditory specific information processing difficulty for people with DS (Davis et al., 1991; Hermelin, 1964) extends to verbal movement stimuli. The results of the present study are consistent with the findings of the previous studies in that the participants with DS were differentially affected by the verbal condition. Specifically, although it seemed that the auditory cues had the same alerting effects for the individuals with DS (no differences in RT for verbal stimuli), their ability to process that information and make a final movement based on that information was slowed, as evident in their longer MTs. These results provide support for hypothesized modality specific information processing and decision-making difficulties in individuals with DS.
A possible explanation for the modality specific information processing difficulty may be found in the model of biological dissociation . Elliott and colleagues have suggested that the cerebral organization in persons with DS has developed in a manner similar to those from the general population except that the area for speech perception is atypically specialized to the right hemisphere. This model has developed from the repeated finding of left-ear advantage for speech sounds during dichotic listening (Elliott, Weeks, & Chua, 1994) and has been previously employed to explain the findings that individuals with DS have relative difficulties in using verbal precue information (Le Clair & Elliott, 1995) and learning a novel sequence of movements from verbal instruction (Elliott, Gray, & Weeks, 1991) .
If, as according to the model, the area for speech perception in individuals with DS is located in the right hemisphere, the pattern of results obtained in the present experiment would logically follow. Firstly, as the sound of the word would carry substantial alertive information, the participants with DS were able to react and initiate their movement just as fast as their peers without DS. However, since, as the model would predict, the decoded verbal movement information (processed in the right hemisphere) must be transmitted across the corpus callosum to the movement executive (left hemisphere) before final movement plans can be completed, a delay at the beginning of the movement would cause the differential increase in MT. This kind of risky "initiate the movement first, and then figure out the final destination while the movement is being completed" strategy has been observed in individuals with DS in other aiming studies. For example, compared to their peers of a similar CA, we have shown that adults with DS spend a greater proportion of their total movement times engaged in decelerating their limbs and have acceleration profiles that are characterized by 3 to 4 times the number of discontinuities (see Kulatunga-Moruzi & Elliott, 1999; Hodges et al., 1995) . These differences in the kinematics of the movement suggest less precise premovement preparation and thus greater reliance on adjustments to the trajectory during movement execution (i.e., during the movement time interval).
Evidence that another difference may exist between the two groups of participants with disabilities was the finding that, while the RTs of both groups with disabilities were similar across both visual cueing conditions, only the participants with UnDD had longer MTs for the indirect visual stimuli than for the direct visual stimuli. Once again, if MT is indicative of final decision making and movement planning, this finding would suggest that the persons with DS were able to quickly use indirect visual information to prepare and execute movements. Perhaps this translational difference is indicative of persons with DS having a relatively better ability than their peers with UnDD to perform abstract stimulus-response compatibility tasks. In sum, the results of the present study support the idea that individuals with DS have a modality specific information processing difficulty relative to their peers without DS and, thus, the model of biological dissociation.
Based on the findings of this study, it is tempting to suggest that persons with DS will benefit most from an instructional strategy that emphasizes the use of visual cueing and demonstration. However, it must be pointed out that none of the participants with DS moved to the incorrect location during any condition. Thus, the persons with DS were able to use the verbal information correctly. Further, difficulties in motor performance do not necessarily predict motor learning (Salmoni, Schmidt, & Walter, 1984) . Although there is some evidence to suggest that persons with DS are also less able to learn a sequence of movements based on verbal cues than visual cues (Elliott et al., 1991) , we are currently conducting more research to clarify these learning issues. Moreover, we are intrigued by the finding that persons with DS outperformed their counterparts of a similar mental age when target aiming involved an abstract visual cue and, thus, spatial translation. Once again, this information processing difference warrants investigation within the context of motor learning.
